The localization and functions of kainate receptors (KARs) in the CNS are still poorly known. In the striatum, GluR6/7 and KA2 immunoreactivity is expressed presynaptically in a subpopulation of glutamatergic terminals and postsynaptically in dendrites and spines. The goal of this study was to further characterize the subcellular and subsynaptic localization of kainate receptor subunits in the monkey striatum. Immunoperoxidase data reveal that the relative abundance of GluR6/7-and KA2-immunoreactive terminals is homogeneous throughout the striatum irrespective of the differential degree of striatal degeneration in Huntington's disease. Pre-embedding and post-embedding immunogold data indicate that Ͼ70% of the presynaptic or postsynaptic GluR6/7 and KA2 labeling is expressed intracellularly. In material stained with the post-embedding immunogold method, approximately one-third of plasma membrane-bound gold particles labeling in axon terminals and spines is associated with asymmetric synapses, thereby representing synaptic kainate receptor subunits. On the other hand, Ͼ60% of the plasmamembrane bound labeling is extrasynaptic. Both GluR6/7 and KA2 labeling in glutamatergic terminals often occurs in clusters of gold particles along the membrane of large vesicular organelles located at various distances from the presynaptic grid. Anterograde labeling from the primary motor cortex or the centromedian thalamic nucleus indicate that both corticostriatal and thalamostriatal terminals express presynaptic GluR6/7 and KA2 immunoreactivity in the postcommissural putamen. In conclusion, these data demonstrate that kainate receptors in the striatum display a pattern of subcellular distribution different from other ionotropic glutamate receptor subtypes, but consistent with their metabotropic-like functions recently shown in the hippocampus.
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Glutamate is the major excitatory neurotransmitter in the CNS. Its activity is mediated by three groups of ionotropic receptors: NMDA, AMPA, and kainate receptors (KARs). Kainate receptors are comprised of five subunits, GluR5, 6, 7, and KA1-2 (Hollmann and Heinemann, 1994) . Until a few years ago, the inability to pharmacologically differentiate AMPA from KA receptors had limited the understanding of a distinct functional role of KARs in the CNS. However, the use of novel benzodiazepine compounds (GYKI compounds), which act as selective antagonists of AMPA receptors (Paternain et al., 1995) , has provided a means of demonstrating a distinct role of KARs in modulating synaptic transmission. Interestingly, several in vitro electrophysiological and pharmacological studies have shown that KARS mediate presynaptic effects on GABAergic and glutamatergic neurotransmission in various brain regions (Clarke et al., 1997; Lerma et al., 1997; Rodriguez-Moreno et al., 1997; Mulle et al., 1998; Rodriguez-Moreno and Lerma, 1998; Chittajallu et al., 1999; Liu et al., 1999; Min et al., 1999; Perkinton and Sihra, 1999; Chergui et al., 2000; Contractor et al., 2000; Frerking and Nicoll, 2000; Kamiya and Ozawa, 2000) . Furthermore, the excitotoxic effects of KAR agonists were found to be greatly reduced in the CA3 region of the rat hippocampus after mossy fiber denervation (Debonnel et al., 1989) . Similar results of decreased susceptibility to kainate-induced seizures and cell death have recently been shown in mutant mice knock-outs of the GluR6 gene (Mulle et al., 1998) , providing evidence that these excitotoxic effects are produced through the activation of presynaptic KARs.
Huntington's disease (HD) is an autosomal dominant neurodegenerative disorder characterized by a massive death of striatal projection neurons. In Ͼ60% of HD patients, increasing length of CAG repeats correlates highly with a decrease in the age of onset of the disease or the extent of striatal degeneration (Persichetti et al., 1994; Aronin et al., 1995; Penney et al., 1997) . However, recent findings have reported that the variance in the age of onset of HD could also be attributed to mutations in the gene encoding the GluR6 KAR subunit (Rubinsztein et al., 1997; MacDonald et al., 1999) . Injections of kainic acid into the striatum have, indeed, been known to cause cell death in striatal projection neurons, but to have no such effect on axons crossing or terminating in the area (Coyle and Schwarcz, 1976; McGeer and McGeer, 1976) . The fact that these neurotoxic effects of kainate in the striatum are attenuated after decortication (McGeer et al., 1978; Biziere and Coyle, 1979) , implies that these effects are mediated via cortical terminal glutamate release. In line with these observations, recent findings from our laboratory have demonstrated the presence of KAR immunoreactivity on glutamatergic nerve terminals in the monkey striatum (Charara et al., 1999) . To further extend these data and better understand the functions of kainate receptors in the primate striatum, the aim of the present study is to elucidate the Four male adult rhesus monkeys and two male adult squirrel monkeys were used in the present study. The two squirrel monkeys were used for tracing studies (see below), whereas the four rhesus monkeys were processed for K AR immunocytochemistry. After deep anesthesia with an overdose of pentobarbital, rhesus monkeys were perf usion-fixed with 500 ml of cold oxygenated Ringer's solution followed by 2 l of fixative containing 4% paraformaldehyde and 0.1-0.75% glutaraldehyde in phosphate buffer (PB; 0.1 M, pH 7.4). The anesthesia and perf usion of the animals were performed in accordance with the NIH Guide for the Care and Use of Laborator y Animals (1996) and the Emory University Animal C are and Use Committee. The brains were then cut in 60-m-thick sections with a vibrating microtome and processed for the immunohistochemical localization of GluR6/7 and K A2 at the electron microscopic level. A series of sections were cut at 100 m and processed for the freeze substitution technique and post-embedding immunogold localization of GluR6/7 and K A2 receptor subunits as described below.
Kainate receptor antisera
Commercially available affinity-purified polyclonal antisera generated against synthetic peptides corresponding to the C terminus of GluR6 (TF N DRRL PGK ETM A) (Upstate Biotechnology, Lake Placid, N Y) and K A2 (GP TGPRELTEH E) (Upstate Biotechnology) were used in this study. The specificity of the anti-GluR6 and anti-K A2 antibodies was determined by immunoblots of cell membranes from transfected human embryonic kidney cells (H EK 293 cells) Wenthold et al., 1994) . Immunoblot analyses showed that these antibodies label a single band that corresponds to the molecular weight of their respective receptor subunit. However, as a result of the sequence homology at the C terminus between the GluR6 and the GluR7 subunits, the antibody to GluR6 also recognizes the GluR7 subunit to some degree; hence, the term GluR6/7 for this antiserum. To confirm that the sequence of amino acids of the synthetic peptides used to produce these antibodies are not found in other known proteins, we performed a search for amino acids sequence alignment in the basic local alignment search tool (BL AST) database (Altschul et al., 1997) , and we found that there was no significant cross-reactivity with any proteins other than the GluR6/7 and K A2 kainate receptor subunits. This search also revealed that the amino acids sequences used are found in GluR6/7 and K A2 subunits of both rats and humans, suggesting that these antibodies should recognize their corresponding antigenic sites in both primates and nonprimates.
The specificity of the two antisera was f urther confirmed in the present study by the complete lack of labeling in sections of monkey striatum incubated in solutions from which the antisera were replaced by either nonimmune rabbit serum or antiserum that has been preadsorbed with 10 g /ml homologous peptides for 1 hr at room temperature ( Fig. 1 B,D) . Immunoblotting was also performed to test the specificity of the GluR6/7 antiserum on monkey striatal tissue (Fig. 2) . The Western blot procedure was performed as follows: samples of protein were subjected to SDS-PAGE and transferred by electroblotting onto poly vinylidene fluoride membranes (Invitrogen, C arlsbad, CA). The blots were blocked with 5% nonfat dry milk, 0.% T ween 20 in Tris-buffered saline (TBS) (20 mM Tris-HC l plus 137 mM NaC l, pH 7.4) at room temperature for 1 hr, and then incubated overnight at 4°C with antibodies raised against the C terminus of the GluR6/7 subunit (0.5 g /ml; Upstate Biotechnology) in blocking buffer. The blots were then rinsed for 20 min in blocking buffer and incubated for 1 hr in horseradish peroxidase-conjugated goat antirabbit IgG (Bio-Rad, Hercules, CA), diluted 1:10,000 in blocking buffer. After several washes in TBS, the immunoreactive proteins were visualized with enhanced chemiluminescence (Amersham Pharmacia Biotech, Buckinghamshire, UK). For preadsorption experiments, antibodies were preadsorbed with 10 g /ml homologous peptide for 1 hr at room temperature.
Electron microscope K AR immunocytochemistry
Pre-embedding immunoperoxidase. Sections prepared for pre-embedding immunoperoxidase were pretreated with sodium borohydride (1% in PBS; 0.01 M; pH 7.4) and then cryoprotected in a solution of 25% sucrose and 10% glycerol before being frozen at Ϫ80°C for 20 min. They were then thawed and returned to a graded series of cryoprotectant and PBS. Afterward, sections were preincubated in 10% normal goat serum (NGS) in PBS for 1 hr, followed by incubation for 48 hr at 4°C in rabbit polyclonal antisera (GluR6/7, 7.5 g /ml; K A2, 0.55 g /ml) diluted in PBS supplemented with 1% NGS. After three 10 min washes in PBS, the sections were incubated in biotinylated goat anti-rabbit IgG (1:200; Vector Laboratories, Burlingame, CA) for 90 min at room temperature, which was followed by three 10 min washes in PBS. Incubation in the avidin -biotin -peroxidase complex (ABC; 1:100; Vector Laboratories) (Hsu et al., 1981) subsequently followed for a period of 90 min. After two 10 min washes in PBS and one 10 min wash in TRIS buffer (0.05 M, pH Western blot analysis demonstrating the specificity of the GluR6/7 antiserum. The antibodies detected a single band that corresponds to the approximate molecular weights predicted for GluR6 and GluR7 subunits (ϳ118 kDa). Immunoreactivity is completely abolished when antibodies are preadsorbed with the synthetic GluR6/7 peptide 1 hr before immunoblotting. Molecular weight standards are indicated on the left (10 3 molecular weight).
7.6), the immunostaining was revealed by incubation for 10 min in a solution containing 0.025% 3,3Ј-diaminobenzidine tetrahydrochloride (DAB; Sigma, St. L ouis, MO), 0.01 M imidazole (Fisher Scientific, Atlanta, GA), and 0.006% hydrogen peroxide (H 2 O 2 ). The reaction was stopped by repeated washes in PBS. Pre-embedding immunogold. Sections processed for pre-embedding immunogold were prepared as described in previous studies (Hanson and Smith, 1999) . In brief, sections were pretreated with sodium borohydride, cryoprotected, and frozen at Ϫ80°C in the same manner as those processed for immunoperoxidase. They were then preincubated in 10% NGS in PBS containing 0.5% bovine serum albumin, 0.05% T ween 20, and 0.1% gelatin (PBS -BSA) for 1 hr. This was followed by an overnight incubation at room temperature in the primary antibody solution diluted as described above. After three 10 min washes in PBS -BSA, the sections were incubated in goat anti-rabbit IgG conjugated to 1.4 nm colloidal gold particles (1:100 in PBS -BSA; Nanogold; Nanoprobes, Stony Brook, N Y) for 2 hr at room temperature. After a 5 min wash in PBS -BSA and two 5 min washes in PBS, the sections were post-fixed in 1% glutaraldehyde in PBS for 10 min at room temperature. After washing in PB (0.1 M, pH 7.4) for 5 min, the gold labeling was intensified by using a silver enhancement kit (HQ silver; Nanoprobes) for 5-10 min at room temperature in the dark and stopped by several washes in distilled water.
Anterograde labeling of corticostriatal and thalamostriatal afferents
T wo squirrel monkeys received bilateral iontophoretic injections of biotinylated dextran amine (BDA) either in the primary motor cortex or the centromedian (C M) intralaminar thalamic nucleus. After being intubated and anesthetized with isoflurane, the animals were fixed in a stereotaxic frame, and intracerebral injections of BDA were performed according to procedures described in details in many of our previous studies (Shink et al., 1996; Sidibé and Smith, 1996; Sidibé et al., 1997) . In brief, the BDA was injected for 20 min through glass micropipettes with a tip diameter ranging from 20 to 50 m using a 6 A positive current delivered at a 7 sec ON/7 sec OFF cycle. T wo injection sites along a single penetration were made in C M, whereas a total of 10 injection sites along eight penetrations were made in the cerebral cortex. The depth of anesthesia was monitored throughout the surgery by measuring hearth rate, blood oxygen level, and toe pinch reflex. After surgery, animals received systemic injections of analgesic for 48 hr. The surgical and anesthesia procedures used in these experiments are consistent with those of the National Institute of Health and approved by the Institutional Animal C are and Use Committee of Emory University. After 7-10 d survival, the animals were deeply anesthetized with sodium pentobarbital and perf used transcardially as described above for rhesus monkeys, except that the volumes of Ringer's and fixative were reduced to 350 ml and 1 l, respectively.
BDA histochemistry combined with K AR immunocytochemistry
The BDA was revealed with the ABC method as described in previous studies. In brief, after sodium borohydride treatment, cryoprotection, and Ϫ80°C freezing, sections were washed in PBS and incubated overnight at room temperature in standard ABC complex (1:100 dilution). The peroxidase bound to the BDA was then localized with DAB as described above for K AR immunoperoxidase localization. Once the BDA has been revealed, striatal sections that contained large amount of anterogradely labeled fibers were processed for the pre-embedding immunogold localization of GluR6/7 and K A2 as described above. Doublelabeled sections were then prepared for electron microscopy.
As controls, a series of sections were processed to reveal BDA followed by incubation in solution containing nonimmune rabbit serum rather than K AR antisera.
Preparation for electron microscopy. All sections prepared for electron microscopy were washed in PB (0.1 M, pH 7.4) before being post-fixed in osmium tetroxide (1% solution in PB) for 10 -20 min. They were then washed five times (5 min each) in PB and dehydrated in a graded series of alcohol and propylene oxide. Uranyl acetate was added to the 70% ethanol to improve the contrast in the electron microscope. The sections were then embedded in resin (Durcupan, AC M; Fluka, Buchs, Switzerland) on microscope slides and put in the oven for 48 hr at 60°C. After examination in the light microscope, areas of interest in the striatum were cut out from the slides and glued on top of resin blocks with cyanoacrylate glue. Ultrathin 60-nm-thick sections were cut on a Leica (Nussloch, Germany) UC T ultramicrotome and collected on pioloform-coated, single slot copper or gold grids. Some sections were stained with lead citrate (Reynolds, 1963) and examined with a Z eiss EM10C electron microscope.
High-pressure f reezing, f reeze substitution, and post-embedding immunogold technique for K AR localization. Tissue from the putamen and the head of the caudate nucleus from three rhesus monkeys were used in this study. After cryoprotection, small areas of 2 mm in diameter were taken from 100-m-thick striatal sections and placed between two aluminum planchettes that were then instantly frozen in liquid nitrogen using a high-pressure freezer (Balzers HPM 010). Sections were stored in liquid nitrogen until transfer into a freeze substitution apparatus (Bal-Tec FSU 010) whereby the temperature was increased from Ϫ90 to Ϫ45°C in four major steps over a period of 30 hr. The specimens were freezesubstituted in 0.5% uranyl acetate dissolved in methanol and then embedded in L owicryl HM-20 (Ϫ45°C) in a low temperature polymerization unit (Bal-Tec LTPU 010) for 48 hr. Ultrathin 80-nm-thick sections were cut on a Leica UC T ultramicrotome and collected on pioloformcoated, 400 mesh gold grids.
Sections of freeze-substituted material were first treated in a saturated solution of sodium hydroxide in 100% ethanol (Ͻ1 sec.). After being washed in Tris-buffered saline containing 0.01% Triton X-100 (TBS-T), they were incubated for 10 min on drops of 0.1% sodium borohydride and 0.05 M glycine diluted in TBS-T. They were then washed in TBS-T and preincubated for 30 min in TBS-T containing 10% normal serum and 2% human serum albumin (HSA) before being incubated overnight at room temperature with the GluR6/7 (15 g /ml) and K A2 (5.5 g /ml) antisera diluted in a solution of TBS-T containing 1% normal serum and 2% HSA. After many washes in TBS-T, the grids were incubated for 90 min in the 10 nm gold-conjugated secondary antibodies (1:180; BBInternational) diluted in TBS-T containing 1% normal serum and 2% HSA. Grids were washed in ultrapure water and contrasted in a 1% aqueous solution of uranyl acetate for 90 min. The grids were then stained with lead citrate (Reynolds, 1963) before observation.
Control sections were incubated in solutions from which the primary antisera were replaced by 1% nonimmune rabbit serum, whereas the rest of the protocol remained the same as described above.
Analysis of material
Immunoperoxidase data. To estimate the relative abundance of GluR6/7-and K A2-immunoreactive elements in different striatal regions, a series of 50 electron micrographs were taken at 16,500ϫ from randomly chosen areas of the tail and body of the caudate nucleus, the putamen, and the nucleus accumbens in three monkeys. These micrographs covered a total surface of 7148 m 2 of striatal tissue in each animal. All micrographs were taken from tissue on the surface of the blocks where the intensity of labeling was optimal. In each micrograph, immunoreactive elements were categorized as unmyelinated axons, terminals, spines, or small and large dendrites based on the following ultrastructural features. The unmyelinated axons were distinguished by their small diameter (0.1-0.2 m), regular contours, lack of synaptic inputs, and presence of microtubules, whereas axon terminals contained synaptic vesicles and did not receive synaptic inputs. The heads of dendritic spines were recognized by their electron lucent and bulbous appearance, lack of mitochondria, and absence of microtubules. They also frequently received asymmetric synaptic inputs. Finally, most dendrites were easily distinguishable from other neuronal elements by their large size and enrichment in mitochondria and microtubules. Elements that could not be categorized according to these ultrastructural features were not considered in the analysis. The mean percentage of labeled elements in each category was then calculated, and 2 tests were performed to compare the relative abundance of immunoreactive terminals in the different striatal regions.
Pre-embedding immunogold data. In tissue immunostained with the pre-embedding immunogold technique, the proportion of gold particle labeling associated with the plasma membrane and intracellular compartments was calculated from a series of 200 electron micrographs taken at 25,000ϫ in the putamen and the head of the caudate nucleus in three monkeys. These micrographs covered a total surface of 2843 m 2 of striatal tissue. To avoid false-positive data generated by light background staining, an element had to contain, at least, three gold particles to be considered immunoreactive. The total number of gold particles in each immunoreactive element encountered in these micrographs was then calculated and categorized as intracellular or bound to the plasma membrane. Taking into consideration the size of primary and secondary antibodies, the maximum distance between the 1.4 nm gold particle and the epitope would be ϳ17 nm (Blackstad et al., 1990) . Based on this criterion, presynaptic or postsynaptic gold particle labeling was categorized as plasma membrane-bound if it was found inside an area not f urther than 16 nm plus radius of gold particles from the presynaptic or postsynaptic plasma membranes, respectively. All other gold particles were categorized as "intracellular". To avoid problems in categorizing the membrane-bound gold particles, only those elements that displayed good ultrastructural preservation with well preserved plasma membrane were considered.
Post-embedding immunogold data. This method was used to characterize the subsynaptic localization of GluR6/7 and K A2 labeling. The advantages of this approach over the pre-embedding immunogold technique to label synaptic receptors have been discussed in details in previous studies (L ujan et al., 1996; Ottersen and Landsend, 1997) . In brief, the fact that the entire cut length of the plasma membrane is uniformly exposed to the antibodies increases the accessibility to the antigenic sites, which provides a condition for quantitative analysis of synaptic receptor localization. Quantitative measurements were made from a series of 100 electron micrographs taken at 31,500ϫ from putamen and caudate tissue immunostained with GluR6/7 and K A2 by the post-embedding immunogold method. Because the quality of ultrastructural preservation of post-embedding immunostained tissue on the same grid is variable, we chose immunostained areas where the preservation was optimal for this analysis. To verif y whether the pattern of distribution of immunogold labeling was the same as that found with the pre-embedding immunogold technique, we counted the total number of gold particles in a series of labeled terminals and spines and determined the proportion that were bound to the plasma membrane or intracellular. Furthermore, we categorized the plasma membrane-bound gold particles as "synaptic" or "extrasynaptic" based on their respective localization to synapses. A gold particle was categorized synaptic if it was located inside an area not f urther than 21 nm (antibody bridges, 16 nm; radius of 10 nm gold particles, 5 nm) from the presynaptic or postsynaptic plasma membrane (Matsubara et al., 1996; Valtschanoff and Weinberg, 2001; Nyiri et al., 2001) . All other plasma membrane-bound gold particles were put in the extrasynaptic category. We used an arbitrary criterion that an element had to contain at least three gold particles or more to be considered immunoreactive.
To verif y whether the distribution of presynaptic labeling displayed any relationship with the synaptic active zones, a series of immunostained terminals for GluR6/7 or K A2 were randomly selected for measurement of the shortest distance of individual gold particles from the presynaptic plasma membrane. To do so, we measured the distance that separated any gold particles bound to vesicular organelles from the closest part of the presynaptic membrane.
Anterograde labeling and pre-embedding immunogold labeling. Five blocks of striatal tissue (three for C M labeling, two for M1 labeling) immunostained for GluR6/7 or K A2 and BDA were chosen for this analysis. In the electron microscope, sections from the surface of the blocks were scanned for the presence of BDA-labeled terminals. Once such boutons were found, they were photographed at low (12,500ϫ) and high (31, 500ϫ) magnification and categorized as double labeled if they contained three gold particles or more. To avoid false-negative data because of the poor penetration of the gold-conjugated secondary antibodies in tissue, only those BDA-containing terminals that were found in the vicinity of other non-BDA-labeled K AR-immunoreactive boutons were considered in this analysis.
RESULTS

Tests for antibody specificity
As previously shown (Charara et al., 1999) , both GluR6/7 and KA2 immunoreactivities were found in numerous neuronal perikarya that displayed morphological features of both mediumsized projection neurons and large interneurons throughout the monkey striatum (Fig. 1 A,C) . After preadsorption of either antisera with homologous peptides, the striatum was completely devoid of immunostaining (Fig. 1 B,D) . Similar results were obtained after omission of the two primary antisera from the incubation solutions. Furthermore, a single band of labeling that corresponds to the molecular weight of GluR6 and GluR7 was found in Western blots analysis of monkey striatum (Fig. 2) . This band was completely abolished after preadsorption of the antiserum with homologous peptides (Fig. 2) .
Relative distribution of GluR6/7 and KA2-immunoreactive elements in the striatum
Tissue from three rhesus monkeys was processed for immunoperoxidase to characterize the general distribution of GluR6/7 and KA2 immunoreactivity in different striatal regions. The goal of this first series of experiments was to determine whether the relative abundance of kainate receptor subunit-immunoreactive glutamatergic terminals correlate with the sensitivity of the different striatal regions to neurodegeneration in HD (Vonsattel and DiFiglia, 1998) . To do so, we characterized the nature of labeled elements in striatal areas known to be more or less sensitive to neurodegeneration in HD. The tail and body of the caudate nucleus as well as the dorsal putamen were chosen as sensitive areas, whereas the nucleus accumbens served as the least sensitive region (Vonsatell and DiFiglia, 1998) . In all striatal regions, the pattern of distribution and intensity of immunoreactivity for the two antibodies was consistent with previous data from our laboratory (Charara et al., 1999) . KAR immunoreactivity was expressed presynaptically in small unmyelinated axons and axon terminals forming asymmetric axospinous and axodendritic synapses. The postsynaptic labeling was found predominantly in small dendrites, whereas labeled spines were much less abundant (Fig. 3) . Both medium-sized and large neuronal perikarya also displayed light patchy immunoreactivity (data not shown; Charara et al., 1999) . Overall, 20 -40% of GluR6/7-containing striatal elements were axon terminals, whereas the proportion of KA2-immunoreactive boutons ranged from 10 to 15% (Fig. 3) . Although there was a slight variation in the relative abundance of labeled terminals among the four striatal regions examined, these changes were not significantly different, which indicates that presynaptic KARs are homogeneously distributed throughout the striatum irrespective of the degree of sensitivity to degeneration in HD.
Subcellular localization of kainate receptor subunit immunoreactivity Pre-embedding immunogold
Because of the poor spatial resolution of the immunoperoxidase deposit, this approach is not suitable to analyze the subcellular and subsynaptic localization of receptors. To overcome this problem we used pre-embedding and post-embedding immunogold procedures that allow to determine more precisely the exact localization site of receptors.
Overall, the pattern of pre-embedding immunogold labeling was consistent with that of the immunoperoxidase data, i.e., gold particles were mostly found in dendrites and axon terminals, although light immunoreactivity was occasionally seen in dendritic spines (Figs. 4, 5) . In both large and small neuronal perikarya, gold particles were primarily expressed intracellularly in vesicular and tubular intracellular organelles that likely correspond to parts of endoplasmic reticulum and Golgi apparatus, whereas the plasma membrane was almost completely devoid of immunoreactivity (Fig. 4) . To study the subcellular localization of KARs, randomly selected fields of immunoreactive elements were photographed in the putamen and the caudate nucleus of three monkeys. The gold particles were then counted and categorized as intracellular or plasma membrane-bound according to criteria described in Materials and Methods. One of the striking feature that characterized the localization of KAR subunit immunoreactivity was that Ͼ70% of GluR6/7 and KA2 labeling was expressed intracellularly in all labeled elements (Figs. 4, 5 , Table  1 ). In terminals, most gold particles were homogeneously distrib-uted over synaptic vesicles, although dense aggregates of three or more particles were occasionally seen (Fig. 5) . Because of the large size of silver-intensified gold particles, the exact localization site of presynaptic labeling was difficult to ascertain. Similarly, the ultrastructural preservation of intracellular organelles in dendrites and spines was not good enough to determine the exact binding site of intracellular postsynaptic gold labeling (Fig. 5) .
Post-embedding immunogold
Because of the large size of silver-intensified gold particles and poor penetration of gold-conjugated antibodies through thick sections, the pre-embedding immunogold technique provides limited information on the quantitative distribution of subsynaptic antigenic sites. To gain a higher level of spatial resolution and quantitative estimates of the relative distribution of GluR6/7 and KA2 receptor subunit immunoreactivity at the synaptic level, the freeze-substitution post-embedding immunogold technique was performed on striatal tissue. Overall, the distribution of labeling was consistent with results obtained with the pre-embedding immunogold and immunoperoxidase methods (Fig. 6) , i.e., gold particles were seen over axon terminals forming asymmetric synapses, unmyelinated axons, as well as postsynaptic dendrites and spines. In contrast, terminals forming symmetric synapses were completely devoid of labeling. To further ascertain that most of the GluR6/7 and KA2 immunoreactivity was expressed intracellularly, as revealed by the pre-embedding immmunogold technique (Table 1) , we quantified the density of post-embedding immunogold labeling associated with intracellular elements versus the plasma membrane in a series of spines and axon terminals with good ultrastructural preservation in GluR6/7-and KA2-immunostained material (Table 1 ). These data revealed that more than two-thirds of both presynaptic and postsynaptic GluR6/7 or KA2 labeling is expressed intracellularly in the monkey striatum (Table 1) . However, a main difference between data obtained with the pre-embedding and post-embedding methods relates to the density of synaptic labeling for GluR6/7 and KA2. Although very few gold particles were associated with synapses in material prepared with the pre-embedding immunogold technique (Figs. 4, 5) , 30 -40% of post-embedding immunogold label- ing in spines and 20 -30% of labeling in terminals was considered synaptic (Table 2) . This difference in synaptic labeling between the pre-embedding and post-embedding immunogold methods has been previously described for other types of glutamate and GABA-A receptors (Baude et al., 1993; Nusser et al., 1995a,b) . The poor penetration of gold-conjugated secondary antibodies through thick sections likely represents the main limiting factor of the pre-embedding immunogold method to label synaptic receptors. As mentioned above, subsets of axon terminals forming asymmetric synapses display strong immunoreactivity for K AR subunits which, for the most part, was found to be expressed intracellularly over synaptic vesicles. The post-embedding immunogold method allowed to better characterize this presynaptic labeling and revealed that the majority of gold particles in terminal boutons were often clustered along the membrane of large vesicular organelles that were randomly distributed in the terminal (Fig. 6 D,F ) . In addition, clusters of gold particles were occasionally seen in the presynaptic grid of asymmetric synapses (Fig. 6 B,E) .
To verif y the relationships between presynaptic K ARs and the synaptic release sites of glutamate, we measured the shortest distance between GluR6/7 and K A2 presynaptic immunogold particles bound to vesicular organelles and the synaptic active zone in 15 immunoreactive axon terminals immunostained with each antibodies (Fig. 7) . These measurements indicate that both K AR subtypes display a wide range of distribution in relation to asymmetric synapses; some gold particles being found right at the active zones (Figs. 6 B,E, 7) others being located as far as 1.0 m away from the synaptic junctions (Figs. 6 D,F, 7) . Control grids were devoid of labeling except for a few scattered gold particles. 
Sources of immunoreactive terminals
Because both cortical and thalamic afferents provide glutamatergic terminals forming asymmetric synapses in the monkey striatum (Sadikot et al., 1992; Smith et al., 1994) , we tested whether KAR subunits were associated with both glutamatergic inputs. Injections of BDA were made in the centromedian nucleus of the thalamus or the primary motor cortex in two squirrel monkeys. The thalamic injection sites were confined to CM with slight contamination of the overlying mediodorsal nucleus and the subparafascicular nucleus, whereas the cortical injections mostly involved the leg and trunk areas of M1 (Fig. 8) . As expected based on previous studies (Sadikot et al., 1992; Smith et al., 1994) , both injections produced large amount of anterograde labeling in fibers and axon terminals in the postcommissural putamen. In sections double-labeled for GluR6/7 or KA2 and BDA, 30 -60% of anterogradely labeled terminals (DAB-stained) displayed KAR subunit immunoreactivity (Table 3 ). The double-labeled boutons were easily distinguishable from unlabeled terminals in the same field by the coexpression of dense amorphous DAB reaction product (BDA labeling) overlaid by three gold particles or more (KAR labeling) (Fig. 9) . Although the relative abundance of KA2-containing terminals was quite similar after thalamic and cortical injections, the proportion of GluR6/7-containing thalamostriatal boutons was higher than corticostriatal terminals (Table 3) .
DISCUSSION
This study provides the first detailed analysis of the subcellular and subsynaptic localization of kainate receptor subunits in the CNS. Four major conclusions can be drawn from our data: (1) kainate receptor-containing glutamatergic terminals are homogeneously distributed throughout the monkey striatum irrespective of the differentital sensitivity of striatal regions to Huntington's disease, (2) presynaptic and postsynaptic kainate receptor subunits are primarily expressed intracellularly in cell bodies, dendrites, spines and axon terminals throughout the striatum, (3) the majority of presynaptic and postsynaptic plasma membranebound immunogold labeling for GluR6/7 and KA2 is found extrasynaptically, although approximately one-third is also associated with asymmetric synapses, and (4) both thalamic and cortical terminals in the sensorimotor striatum express presynaptic KAR subunits. These results will now be discussed in light of previous functional studies of kainate receptors in the CNS and their potential implication in the progressive death of striatal neurons in HD.
Presynaptic kainate receptors are homogeneously distributed in the striatum
The immunoperoxidase data presented in this study extend previous findings of our laboratory showing that presynaptic kainate receptors are expressed in a subpopulation of putative glutamatergic boutons in the monkey striatum (Charara et al., 1999) . In this study we tested the hypothesis that the relative abundance of K AR-containing terminals was greater in areas that are more sensitive to neurodegeneration in H D. It has, indeed, been shown that variation of the GluR6 subunit genotype is correlated with the age on onset of H D that cannot be accounted for by the number of CAG repeats (Rubinsztein et al., 1997; MacDonald et al., 1999) . These observations, combined with the fact that some striatal regions are more sensitive than others to neurodegeneration, led us to consider the possibility that this particular pattern of neuronal death might be attributable to a differential distribution of K AR-containing terminals throughout the striatum. We, therefore, hypothesized that areas like the tail of the caudate nucleus, which degenerates first in H D, contains more K AR-positive terminals than the nucleus accumbens, which remains intact in Ͼ50% of H D patients (Vonsatell and DiFiglia, 1998) . Our data revealed that such is not the case. We did not find any significant difference in the relative abundance of KAR-positive terminals between the tail of the caudate nucleus and other striatal regions. Of course, these data do not rule out the possibility that the malfunctioning of kainate receptors might underlie the pattern of striatal neurodegeneration in HD. However, if such is the case, this is unlikely to rely on a simple difference in the relative abundance of presynaptic kainate receptors in the different striatal regions. Variation in the GluR6 genotype might rather lead to changes in pharmacological and physiological properties of particular subsets of kainate receptors expressed presynaptically in specific striatal regions.
Subcellular localization of kainate receptor subunits
An interesting feature that characterized the subcellular localization of both GluR6/7 and KA2 receptor subunits is their strong intracellular expression. Our data demonstrate that Ͼ70% of both presynaptic and postsynaptic KAR subunit immunoreactivity is expressed intracellularly and that almost two-thirds of the plasma membrane-bound KARS are extrasynaptic. This pattern of distribution resembles that of G-protein-coupled metabotropic receptors which, for the most part, are expressed intracellularly or at nonsynapic sites along plasma membrane (Pasquini et al., 1992; Wang et al., 1997; Bernard et al., 1999; Hanson and Smith, 1999; Smith et al., 2000 Smith et al., , 2001 . Interestingly, both the presynaptic and postsynaptic effects of kainate receptors are consistent with those of metabotropic glutamate receptor functions (for review, see Conn and Pin, 1997; Anwyl, 1999; Cartmell and Schoepp, 2000) . For instance, kainate receptors mediate slow postsynaptic cur- rents that could be elicited only after high-frequency stimulation of hippocampal mossy fiber pathway in CA3 pyramidal neurons in rats (Castillo et al., 1997; Vignes and Collingridge, 1997; Rodriguez-Moreno and Lerma, 1998) . Furthermore, it has been shown that the presynaptic control of GABA release by kainate receptors in the hippocampus is mediated by a metabotropic process that is sensitive to Pertussis toxin and independent of ion channel current (Rodriguez-Moreno and Lerma, 1998) . These functional data combined with results of our study clearly indicate that both the localization and functions of kainate receptors are strikingly different from those of conventional ionotropic glutamate receptors that are largely confined to the main bodies of synaptic active zones (Bernard et al., 1997; Ottersen and Landsend, 1997 ) and mediate fast synaptic transmission. It is noteworthy that a substantial level of intracellular AMPA glutamate receptor subunits immunoreactivity has recently been found in dendrites of dorsal cochlear neurons in rats (Rubio and Wenthold, 1999) . Interestingly, the receptor subunit labeling was often found in clusters of 2-12 gold particles associated with vesicular structures that strikingly resemble the large organelles immunoreactive for KAR subunits observed in the present study (Rubio and Wenthold, 1999) . Although Rubio and Wenthold (1999) showed that some of these structures displayed immunoreactivity for specific markers of endoplasmic reticulum, the majority of labeling was found over elements that were not immunoreactive for ER markers. Future studies are essential to better characterize the exact nature of these glutamate receptor packaging organelles. Presynaptic delta opioid receptors are also expressed on the membrane of large vesicles in primary afferents to the rat spinal cord (Zhang et al., 1998) . Whether these vesicles represent an early stage of endosomes and/or a different type of dense-core vesicles remains to be established.
A substantial proportion of presynaptic and postsynaptic gold labeling was also associated with asymmetric synapses, suggesting that kainate receptors may mediate fast excitatory transmission at some glutamatergic synapses in the monkey striatum. However, recent electrophysiological studies could not demonstrate any synaptic activation of kainate receptors after stimulation of striatal glutamatergic afferents (Chergui et al., 2000) . At present, there is no clear explanation for this apparent discrepancy between anatomical and f unctional data. However, these two sets of Figure 7 . Histograms showing the distribution of gold particle labeling for GluR6/7 ( A) and KA2 ( B) in relation to the presynaptic grids of asymmetric synapses in the putamen. The mean (ϮSD) shortest distance of gold particles from the active zones is relatively similar for both KAR subunits antibodies (0.40 Ϯ 0.20 m for GluR6/7; 0.47 Ϯ 0.25 m for KA2). Fifteen terminals immunoreactive for GluR6/7 or KA2 were examined. 
Potential functions of presynaptic striatal kainate receptors
The roles of kainate receptors in the striatum are poorly known. However, the toxic effects of kainic acid for striatal projection neurons have long been established although the exact mechanism by which kainic acid induces striatal cell death is still unknown. In this regard, it is noteworthy that the excitotoxic effects of kainic acid for striatal neurons are abolished after decortication (Biziere and Coyle, 1979) , which indicates that the glutamatergic corticostriatal projection is somehow involved in mediating this effect. In addition, the fact that striatal cultures become sensitive to kainic acid only when cocultured with cortical neurons is further evidence for the involvement of corticostriatal afferents (Campochiaro and Coyle, 1978; Panula, 1980) . In line with these early observations, our data demonstrate that kainate receptors are, indeed, associated presynaptically and postsynaptically with corticostriatal terminals in monkeys. Classically, postsynaptic AMPA and kainate receptors are ligand-gated ion channels permeable to cations, such that activation of these receptors leads to increased Na ϩ and Ca 2ϩ conductances, and thus neuronal membrane depolarization. If the presynaptic kainate receptors are similar to their postsynaptic counterparts, depolarization of the nerve terminal plasma membrane could conceivably facilitate the opening of Ca 2ϩ channels linked to glutamate release on arrival of an action potential, and thus potentiate the release of glutamate. Interestingly, recent evidence indicates that activation of GluR6-containing presynaptic kainate receptors facilitates glutamate exocytosis from cerebral cortex nerve terminals in a synaptosome preparation (Perkinton and Sihra, 1999) . Similarly, kainate acts at presynaptic receptors to increase GABA release from hypothalamic neurons (Liu et al., 1999) . However, kainate was found to downregulate GABAergic transmission in the rat hippocampus (Rodriguez-Moreno et al., 1997) . These findings suggest that the effects of presynaptic kainate receptors are strongly dependent on the neuronal type in which they are expressed. It is likely that the mechanisms of action of kainate receptors are also complex and different from one neuronal population to another. For instance, it seems that the presynaptic inhibition of GABA release in the hippocampus is independent of ion channel activity but rather involves the activation of phospholipase C and protein kinase C (PKC) through a Pertussis toxinsensitive G-protein (Rodriguez-Moreno and Lerma, 1998) . One could speculate that the facilitatory effects observed in the cereberal cortex and hypothalamus are mediated via increased calcium conductances in the membrane of the nerve terminals and/or activation of a pool of PKC that facilitates neurotransmitter release. Whether any of these effects are suitable to explain the functions of kainate receptors in the striatum remains to be established.
At first glance, it appears reasonable to believe that presynaptic kainate receptors facilitate glutamate release in the striatum, which might explain why the excitotoxic effects of kainic acid are dependent on the presence of cortical afferents. One could also speculate that the malfunctioning of such receptors in some HD patients might lead to an increased release of glutamate and excitotoxic cell death. However, a recent in vitro slice preparation study showed that kainate receptors could not be activated neither by a single or repetitive stimulation of glutamatergic afferents in the rat striatum (Chergui et al., 2000) . The authors rather demonstrated that kainate receptors depress GABAergic synaptic transmission indirectly via release of adenosine acting on A2a receptors (Chergui et al. 2000) . These data are surprising and difficult to reconcile with our electron microscopic findings showing the abundance of presynaptic kainate receptors in both cortical and thalamic glutamatergic afferents (Charara et al., 1999) . However, the physiological conditions under which these kainate receptors are activated remains to be determined. If, under the experimental conditions used by Chergui et al. (2000) , kainate receptors remained in intracellular compartments rather than on the plasma membrane, their lack of responses to stimulation of glutamatergic afferents is not surprising. Future studies are essential to elucidate this issue.
Concluding remarks
In conclusion, it appears that kainate receptors underlie novel modulatory functions of synaptic transmission. Their extrasynaptic localization combined with metabotropic-like effects shown in the hippocampus suggest that these receptors probably mediate slow modulatory effects rather than fast synaptic transmission. The evidence that the gene encoding the GluR6 subunit might be affected in a subset of HD patients highlights the importance of these receptors in striatal functions in normal and pathological conditions. The use of selective antagonists for kainate and AMPA receptors in normal animals, knock-out mice, and animal model of neurodegenerative diseases will certainly prove useful to clearly assess the role of kainate receptors in the striatum.
